This study was aimed at improved understanding of the mechanisms of previously reported protective effects of a pneumatic boxing glove. A Motion Capture System was used to obtain velocity data from four different boxing gloves dropped on to a force plate from nine heights ranging from 1 to 5 metres. Two gloves were of the conventional type but differed in mass. The other two were prototype pneumatic gloves. One of these (SBLI) had a sealed bladder while the other (ARLI) incorporated a port allowing air exchange with the external environment. The pneumatic gloves decelerated more slowly than the conventional gloves following impact and compressed through a greater absolute distance. Consequently, they took longer to reach zero velocity. As drop height increased, these trends became more pronounced for the ARLI glove than the SBLI glove. Increase in velocity during rebound was also slower for the pneumatic gloves. The ARLI glove had a lower coefficient of restitution than any of the other gloves at low to moderate drop heights but not at high drop heights. The SBLI glove had a higher coefficient of restitution than the other gloves at all drop heights from 2 metres upwards. This indicated that, overall, the ARLI glove was the most effective, and the SBLI glove the least effective, in dissipating the kinetic energy of impact through conversion to other energy forms. For all gloves at all drop heights, peak positive acceleration at the beginning of rebound was of lower absolute magnitude than peak negative acceleration at the end of compression. The influence of drop height on an index characterising this relationship differed between the conventional and pneumatic gloves, possibly reflecting structural changes to gloves as impact energy increased. The conventional and pneumatic gloves How to cite this paper: Perkins, P., Jamieson, A., Spratford, W. and Hahn, A. 473
Introduction
We have recently published a series of papers demonstrating that a pneumatic boxing glove incorporating capacity for air exchange with the external environment can substantially reduce peak impact forces and loading rates compared to those obtained with a conventional boxing glove striking a target at similar velocity [1] [2] [3] [4] . This is true across a range of peak pre-impact glove velocities extending from ~4.4 to ~10.0 m•sec −1 , with the latter velocity approximating the maximum level that reportedly can be generated by elite boxers [5] [6] [7] .
Thorough understanding of the mechanism by which the pneumatic glove exerts its protective effect could provide a basis for eventual enhancement of that effect. Our studies have shown that the pneumatic glove prolongs contact time with the target [1] [2] [3] [4] and the time from initial contact to occurrence of peak impact force [4] . Distribution of a given impact impulse over a longer time could be expected to reduce both average and peak force. A question arises, however, as to whether there are other contributors to peak force reduction. In one of our published experiments [4] , we found that over a series of 250 drops on to a force plate from a height of 3 metres there was progressive upward drift in peak force and loading rate for both a pneumatic glove and a conventional 10 oz glove, with the magnitude of drift less for the pneumatic glove. In the case of the conventional glove, ~96% of the variance in peak force could be explained by variance in contact time, with peak force increasing as contact time decreased. Although the relationship was of the same direction for the pneumatic glove, it was very much weaker, with variance in contact time explaining only ~9% of the variance in peak force.
Time from initial force plate contact to occurrence of peak force was a better predictor of peak force for the pneumatic glove, but still accounted for only ~59% of the variance, while the corresponding figure for the conventional glove was ~92%. This suggested that the effect of the pneumatic glove on peak force was accomplished via Vicon Nexus software, permitting synchronisation of trajectory and force plate data.
The testing of the gloves was conducted over two sessions separated by eight days. In the first session, drop heights ranged from 1.0 to 3.5 metres. For each glove, the initial drop height was 2.0 metres, and we then progressed sequentially to 2.5, 1.5, 1.0, 3.0 and 3.5 metres. The Std 10 oz glove was tested first, followed by the SBLI, ARLI and Std 16 oz gloves. In the second session, the order of drop test heights was 4.0, 4.5 and 5.0 metres, and the order of glove testing was ARLI, Std 10 oz, Std 16 oz, SBLI. In both sessions, each glove was tested at all drop heights before progression to the next glove.
Statistical analysis of the data was performed using GraphPad Prism software (GraphPad Software Inc, California, USA).
Results
Mean velocity curves derived from 9 -11 trials per glove at each drop height are presented in Figure 1 . The curves reflect a period extending from just before impact to just after attainment of maximum rebound velocity. In each instance, the downward phase indicates slowing of the glove as it compresses following contact with the force plate and the upward phase represents increasing velocity as the glove rebounds. These phases are hereafter termed the compressive and rebound phases respectively. They are examined in more detail below, and consideration is then given to relationships between glove velocity measurements and force plate data. Figure 1 shows that during the compressive phase of glove impact with the force plate, the velocity of the SBLI and ARLI gloves declined more slowly than that of the Std 10 oz and Std 16 oz gloves. This was true at all drop heights, although when the SBLI glove was dropped from 5 metres its difference from the conventional gloves was marginal.
Compressive Phase of Velocity-Time Curve

Duration of Compressive Phase
The restriction of our sampling rate to 500 Hz, combined with the averaging process used to derive the curves presented in Figure 1 , meant that the minimum recorded glove velocities were always above zero, but the gloves obviously must have reached zero velocity at some point.
To estimate the time to occurrence of zero glove velocity, second order polynomial regression equations were calculated for the compressive component of the velocity-time curve for every glove drop, with care taken to ensure that in each case the lowest included velocity reading was unequivocally part of that component. Fitting of the equations to the raw data yielded mean R 2 values of 0.9997 (range = 0.9950 -0.9999), 0.9990 (0.9949 -0.9998), 0.9996 (0.9989 -0.9999) and 0.9996 (0.9987 -0.9999) for the SBLI, ARLI, Std 10 oz and Std 16 oz gloves respectively. We therefore felt justified in using the equations to extrapolate to the point of zero velocity and determine the associated time. Figure 1 . Changes in velocity for four different boxing gloves dropped on to a force plate from heights ranging from 1 to 5 metres. Each curve is based on mean readings derived from 9 -11 glove drops and covers a period from just before glove contact with force plate to just after the attainment of peak rebound velocity. The sampling rate was 500 Hz.
Mean times to zero velocity calculated by this method turned out to be quite close to the mean times of occurrence of the minimum recorded velocity, as shown in Figure 2 . This suggests that some of the minimum recorded velocities preceded the zero-velocity point while others succeeded it, with the discrepancies largely cancelling each other out.
The curves shown in Figure 2 , however, are not absolutely overlaid, meaning that the difference between calculated time to zero velocity and the observed time of minimum glove velocity varied slightly between glove types. Hence, when all glove drops from all drop heights were included, mean values for a parameter obtained by subtracting the latter time from the former were 0.03 msec Figure 2 . Relationship between time from first glove contact with force plate to occurrence of zero glove velocity (as calculated from second-order polynomial regression equations) to minimum glove velocity observed with a sampling rate of 500 Hz.
(95% confidence interval −0.18 to +0.12 msec) for the SBLI glove, −0.18 msec (−0.31 to −0.04) for the ARLI glove, −0.24 msec (−0.38 to −0.11) for the Std 10 oz glove and −0.28 msec (−0.41 to −0.15) for the Std 16 oz glove. We therefore faced a decision on whether to proceed with use of the times calculated from the regression equations or to employ times associated with minimum observed glove velocity as surrogates of the time to zero velocity. We chose the regression option on the grounds that it was explicitly focused on accurate determination of time to zero velocity rather than depending on a zero sum of errors produced by a surrogate method. It also allowed the time to zero velocity to be calculated to a resolution of 0.1 msec for every glove drop, whereas raw data points were 2 msec apart, with greater resolution possible only through data averaging. For this reason, the regression approach produced less variable data, as reflected by lower standard deviations. Finally, the differences in the mean results produced by the two approaches were small in the context of a situation where time to zero velocity was always above 10 msec (see Figure 2 ).
Times to zero velocity calculated by the regression method are presented in Figure 3 . At every drop height, the velocity declined to zero more slowly for the two pneumatic gloves than for the standard gloves. The mean time to zero velocity was longest for the SBLI glove at drop heights up to and including 2.5 metres, but thereafter it was longest for the ARLI glove. Two-way analysis of variance (ANOVA) revealed that drop height accounted for 79.0% of the variation in the data set, glove type for 13.5% and interaction between drop height and glove type for 5.7%, with each of these effects being statistically significant (P < 0.0001). Only 1.8% of the variance was residual, meaning that it could not be attributed to any of these factors. The results of subsequent Tukey post-hoc comparisons are presented in Table 1 . At every drop height the time to zero velocity was significantly longer for the ARLI glove than for either of the conventional gloves. The same was true when the SBLI glove was compared to the conventional gloves, except at a drop height of 5 metres. Statistically significant differences Figure 3 . Time from glove contact with force plate to attainment of zero glove velocity for four different gloves. Each bar depicts a mean value derived from 9 -11 glove drops, and standard deviations are also shown. Times were calculated to a resolution of 0.1 msec using second-order polynomial regression equations based on data collected at a sampling frequency of 500 Hz. 
Glove Displacement during Compressive Phase
Although glove displacement data obtained by the Vicon Motion Capture System provided the basis for calculation of glove velocities that then allowed derivation of the velocity-time regression equations, a limited sampling rate meant that the raw data were insufficient to permit determination of glove displacement during the compressive phase of impact up to a precisely identified end-point. We therefore back-calculated glove displacements from velocity data generated at intervals of 0.1 msec through use of the regression equations. The results related to the period from first contact of the glove with the force plate (as indicated by reduction in glove velocity from the peak pre-impact level) to occurrence of zero glove velocity. They are summarised in Figure 5 , which clearly demonstrates that the pneumatic gloves compressed through a greater distance than the conventional gloves. With increases in drop height, all gloves initially showed an increase in displacement. For the conventional gloves this was essentially followed by stabilisation, whereas for pneumatic gloves it was followed by a reduction that was larger for the SBLI Figure 4 . Mean time to zero velocity expressed as percentage of value obtained for the Std 10 oz glove. glove than the ARLI glove. Two-way ANOVA revealed that 61.3% of the variance in displacement could be explained by glove type, 11.5% by drop height and 8.4% by interaction between glove type and drop height. All these effects were statistically significant (P < 0.0001). Tukey post-hoc comparisons are provided in Table 2 . They show that the ARLI glove compressed significantly more than the conventional gloves at all drop heights, and that this was true also for the SBLI glove except at the 5-metre drop height. There was a significant difference between the two pneumatic gloves only at 1 metre, where the SBLI glove underwent significantly greater displacement, and at 5 metres, where the displacement was larger for the ARLI glove. There was no consistent statistical difference between the two conventional gloves.
Glove Acceleration during Compressive Phase
We used the second order polynomial regression equations describing the compressive phase of glove velocity-time relationships to derive equations expressing relationships between glove acceleration and time. Whereas the velocity equations were quadratic (i.e., of the form 
Use of mean coefficients for each glove type for the drop height of 3 metres produced the acceleration data depicted in Figure 6 .
The negative slopes of the curves shown in Figure 6 reflect the fact that the gloves decelerated after force plate contact. Since the y-intercepts of the curves were close to zero, curve slopes were the primary determinants of the acceleration values. It is visually apparent that the slope was much less steep for the two pneumatic gloves than for the conventional gloves, indicating that the pneumatic gloves decelerated less sharply after impact. Another feature of Figure 6 is that each curve has been extended only to the time point representing the mean time to zero glove velocity for the glove in question. Consequently, the acceleration value corresponding to the rightward endpoint of each curve reflects the peak negative acceleration (deceleration) for that glove. It can be seen that the pneumatic gloves decreased peak glove deceleration.
While the curves presented in Figure 6 are based on mean data, we developed an acceleration equation for each drop of every glove type. Intercepts were always close to zero, never exceeding 0.2 m•sec −1 •msec −1 for any curve. Data concerning curve slopes are summarised in Figure 7 . Two-way ANOVA revealed that 89.7% of the variance in the data set could be explained by drop height, 6.8%
by glove type and 1.6% by interaction between drop height and glove type (leaving Table 3 . They show that the slopes were always significantly less for the pneumatic gloves than for the conventional gloves, and that the significant interaction term indicated by the two-way ANOVA was largely due to the slopes for the ARLI glove being similar to those for the SBLI glove at drop heights up to and including 2.5 metres but lower at drop heights of 3 metres and above.
In Figure 8 , peak negative acceleration values during the compressive phase of glove impact are presented, with means and standard deviations calculated This was appropriate given that negative acceleration continued to increase linearly right up to that point. Two-way ANOVA indicated that drop height accounted for 93.8% of the variance in the data set and glove type accounted for 4.6% (P < 0.0001 in both cases). Interaction between drop height and glove type explained only 0.4% of the variance but this effect, too, was significant at the P < 0.0001 level.
Tukey post-hoc comparisons between glove types at each drop height appear in Table 4 . At all drop heights, the peak rate of glove deceleration was significantly less for the pneumatic gloves than for the conventional gloves. Values for the ARLI glove were significantly lower than those for the SBLI glove at drop heights of 3 metres and above. There was no consistent difference between the Std 10 oz and Std 16 oz gloves.
Rebound Phase of Velocity-Time Curve
Duration of Rebound Phase
Second-order polynomial regression equations were produced to describe the rebound component of the velocity-time curve for every drop of the different glove types. In each case, the equations were based on data points extending from the first that was unequivocally part of the rebound phase to 4 msec after the highest observed rebound velocity. Even at the highest drop height of 5 metres, no equation was derived from less than seven data points recorded at 500 Hz.
Overall, the curve fits were slightly less precise than those of the compressive phase, but R 2 values were still high, with means of 0.9967 (range 0.9863 -0.9996) For each glove drop, the duration of the rebound phase of the time-velocity curve was calculated as the time at peak rebound velocity minus the time at zero velocity, with both these variables derived from the regression equations. Mean rebound durations for the various glove types were quite similar to those determined by subtracting time at minimum observed glove velocity from time at peak observed rebound velocity, with the observations restricted to 500 Hz, but standard deviations were lower for 31 of the 36 data sets (4 gloves by 9 drop heights).
The calculated durations of the rebound phase of the velocity-time curves are presented in Figure 9 .
Two-way ANOVA revealed that drop height accounted for 79.8% of variance in the data, while glove type accounted for 14.4% and interaction between glove type and drop height accounted for 4.1%. Therefore, only 1.7% of the variance was residual. The effects of glove type, drop height and the interaction were all statistically significant (P < 0.0001). Results of Tukey post-hoc comparisons between glove types at each drop height are presented in Table 5 and show that rebound phase durations were always significantly longer for the pneumatic gloves than for the conventional gloves. The SBLI glove produced significantly longer rebound phase durations than the ARLI glove for drop heights up to and including 2.5 metres, but not thereafter. Differences between the Std 10 oz and Std 16 oz gloves were significant only at 1 and 1.5 metres.
Duration of Rebound Phase versus Duration of Compressive Phase
The rebound phase of the velocity-time curve was always of shorter duration Figure 9 . Duration of rebound phase of velocity-time curve for four different glove types. Each bar depicts a mean value derived from 9 -11 glove drops, and standard deviations are also shown. Times were calculated to a resolution of 0.1 msec using second-order polynomial regression equations based on data collected at a sampling frequency of 500 Hz. Figure 10 . Proportional contribution of rebound phase duration to compression duration for four different gloves across a range of drop heights. Each bar depicts a mean value derived from 9 -11 glove drops, and standard deviations are also shown.
than the compressive phase. Figure 10 shows that as drop height increased, so too did the ratio of rebound duration to compression duration. This indicates that the effect of drop height in reducing the duration of the rebound phase was relatively less than its effect in reducing the duration of the compressive phase.
The mean ratio of rebound duration to compression duration was lower for the ARLI glove than for any of the others at every drop height except 5 metres.
Two-way ANOVA showed that 51.9% of the variance in the data could be explained by drop height, 12.2% by glove type and 9.2% by interaction between glove type and drop height. All these effects were statistically significant (P < 0.0001), even though as much as 26.7% of variance in the data set was residual.
Tukey post-hoc comparisons appear in Table 6 . Of 22 comparisons that revealed significant differences, 16 related to the ARLI glove and reflected its tendency to World Journal of Engineering and Technology produce lower values, especially at the lower drop heights. Values for the SBLI glove were significantly lower than those for the Std 10 oz and Std 16 oz gloves at the 1-metre drop height, but at a drop height at 5 metres the values for the SBLI glove were significantly higher than those for any of the other gloves. No significant differences were detected between the Std 10 oz and Std 16 oz gloves.
Peak Rebound Velocity
Peak rebound velocities calculated from the regression equations used to characterise the rebound phase of velocity-time curves are summarised in Figure 11 .
Since the equations provided velocity data at intervals of 0.1 msec the values Figure 11 . Peak rebound velocities of gloves as a function of glove type and drop height. Each bar depicts a mean value derived from 9 -11 glove drops, and standard deviations are also shown. were slightly higher than the peak rebound velocities observed with a sampling rate of 500 Hz, but the differences were small, averaging 0.09 m•sec −1 (95% confidence interval 0.08 to 0.11 m•sec −1 ) for the SBLI glove, 0.08 m•sec −1 (0.07 to 0.10)
for the ARLI glove, 0.11 m•sec −1 (0.09 to 0.12) for the Std 10 oz glove and 0.11 m•sec −1 (0.10 to 0.13) for the Std 16 oz glove. For every glove type, the R 2 value for the relationship between values yielded by the regression equation and the peak observed values was 0.9990 or greater. It is therefore evident that our use of curve fitting procedures to increase data resolution did not compromise the fundamental integrity of the data. Figure 11 shows that at every drop height from 2 metres upwards the peak rebound velocity was highest for the SBLI glove, and at all drop heights up to 4 metres it was lowest for the ARLI glove.
Coefficient of Restitution
More instructive than peak rebound velocity alone is the kinematic coefficient of restitution, a parameter derived by dividing peak rebound velocity by the peak glove velocity attained before glove contact with the target [8] [9] [10] [11] .
Coefficients of restitution are shown in Figure 12 . Because we occasionally obtained peak rebound velocities that were anomalous compared with all other results within a set of 9 -11 glove drops, we have presented Figure 12 as a series of box and whisker plots in which all data are included but the median is used in preference to the mean as the measure of central tendency and variability is indicated by both the interquartile range and the absolute range rather than the standard deviation. The data depicted in Figure 12 were subjected to two-way ANOVA with the apparently anomalous results included. The analysis revealed that 47.6% of the variance in the data set could be explained by drop height, 30.8% by glove type, and 14.7% by interaction between drop height and glove type, with each of these effects being statistically significant (P < 0.0001). Residual variance was 6.9% of the total variance. The results of follow-up Tukey post-hoc comparisons appear in Table 7 . For drop heights up to and including 3 metres the coefficient of restitution was significantly lower for the ARLI glove than for any of the others. This suggests that in the case of the ARLI glove more of the kinetic energy of impact was converted to other energy forms. By contrast, at drops heights of 2 metres and above, the SBLI glove had a significantly higher coefficient than any of the other gloves. The coefficients for the Std 10 oz and Std 16 oz gloves were not consistently different from each other.
Glove Acceleration during Rebound Phase and Its Relation
to Acceleration during Compressive Phase In Figure 13 Two other aspects of Figure 13 merit attention. Firstly, for every glove type, the peak positive acceleration during glove rebound from impact is of smaller absolute magnitude than the peak negative acceleration attained during glove compression. Secondly, the two curves for any given glove appear to be close to parallel (i.e., the curve slopes appear to be similar).
We calculated the slope of the rebound phase of the acceleration-time curve for each drop of every glove from every drop height, and compared the slope with that calculated for the glove compression phase of the same drop. The significantly different until a drop height of 3.5 metres and were then significantly different also at drop heights of 4, 4.5 and 5 metres. In the case of the ARLI glove, significant difference was detected only at 4.5 and 5 metres. In Figure 15 , peak positive glove acceleration during the rebound phase is shown for each glove type and drop height, and compared with the peak negative acceleration during the compressive phase. Based on the linear nature of the acceleration-time curves, it can be surmised that peak negative acceleration in the compressive phase occurred immediately before the point of zero glove velocity whereas peak positive acceleration occurred immediately after that point. A clear revelation of Figure 15 is that the positive acceleration graph is almost a mirror image of the negative acceleration graph, except that for any combination of glove type and drop height, the magnitude of peak positive acceleration during rebound is lower than the magnitude of peak negative acceleration during glove compression. Two-way ANOVA showed that 93.5% of the variance in peak rebound acceleration could be explained as a function of drop height, 4.7% could be attributed to glove type, and 0.8% was explicable in terms of the interaction between glove type and drop height. These results closely resembled Figure 15 . Peak positive acceleration during the rebound phase of glove impact (Panel A) compared with peak negative acceleration during the compressive phase (Panel B). Each column depicts a mean value and standard deviations are also shown. World Journal of Engineering and Technology those reported above for peak negative acceleration during the compressive phase of glove impact. Not surprisingly, Tukey post-hoc comparisons of differences in peak positive rebound acceleration between gloves at each of the different drop heights (see Table 9 ) also produced findings very similar to those obtained for peak negative acceleration during glove compression (Table 4 ).
It may not be immediately obvious from Figure 15 that there was some variation between gloves in terms of the effects of drop height on change in peak acceleration. Figure 16 is based on the same data sets as Figure 15 but shows the linear regression relationship between drop height and peak positive and negative acceleration readings for each glove type. For the compressive phase of impact, the increase in peak negative acceleration per increment in drop height was less for the ARLI glove than any of the others (P < 0.004 in each case), while there was no significant difference between the SBLI, Std 10 oz and Std 16 oz gloves (P > 0.05). For the rebound phase, on the other hand, it was the SBLI glove that tended to differ from the others, showing greater increase in peak positive acceleration per increment in drop height. The SBLI glove differed significantly from the ARLI and Std 16 oz gloves (P < 0.02 in each case). There were no other significant differences between glove types, although the mean increase in peak positive acceleration per increment in drop height was lowest for the ARLI glove.
We thought it worthwhile to closely examine the period of transition from the compressive phase of glove impact to the rebound phase. Since glove deceleration during compression occurred in the instant before zero glove velocity and peak acceleration during rebound occurred in the instant immediately after zero velocity, we explored the relationship between these two parameters. Peak positive acceleration and peak negative acceleration were summed, which effectively Table 9 . Results of Tukey post-hoc comparisons between glove types for peak rate of positive acceleration during glove rebound. Each cell shows the probability that there was no real difference between glove types. Red figures indicate a statistically significant difference and blue figures indicate absence of significance (P > 0.05). Tukey post-hoc comparisons are presented in Table 10 . Even just a quick glance at that Table reveals that the difference between gloves changed markedly as a function of drop height-hence the high percentage contribution of interaction to the overall variance in the data set. In view of the large interaction effect, we 
Relationship of Velocity Measurements to Force Measurements
Temporal Relationships
In Figure 18 , measured glove velocities and impact forces following contact with the force plate are plotted on the same time scale. While the data relate to a drop height of 3 metres, they show a trend that was observed at all drop heights, namely that the peak force occurred in much closer temporal proximity to minimum glove velocity for the pneumatic gloves than for the Std 10 oz and Std 16 oz gloves.
The temporal relationship between peak impact force and time to zero glove velocity is shown for all glove types and drop heights in Figure 19 . At drop heights of 2.5 metres and above, the mean time difference for both pneumatic gloves was close to zero, while for the conventional gloves peak force always preceded zero glove velocity by at least 4 msec. Two-way ANOVA revealed that drop height, glove type and interaction between drop height and glove type accounted for 49.9%, 38.3% and 4.8% respectively of the variance in the data set, with all these influences being statistically significant (P < 0.0001). The results of subsequent Tukey post-hoc comparisons are presented in Table 11 . The intervals Figure 18 . Average force-time and velocity-time curves for four different gloves dropped on to a force plate from a height of 3 metres. Force measures were obtained at a sampling rate of 10,000 Hz while velocity was measured using cameras operating at 500 frames per second. Figure 19 . Effect of glove type and drop height on the time interval between occurrence of zero glove velocity and occurrence of peak impact force. Force measures were obtained at a sampling rate of 10,000 Hz. Velocity was measured using cameras operating at 500 frames per second, with second-order polynomial regression equations then fitted to the data and used to interpolate velocity data at 10,000 Hz. where the difference almost reached statistical significance. The mean value for the ARLI glove was significantly less than that for the SBLI glove at drop heights of 1 and 1.5 metres, but thereafter the ARLI produced slightly higher mean values, with the differences sometimes statistically significant. Results for Std 10 oz and Std 16 oz gloves were generally quite similar, with a significant difference between these gloves being registered only at a drop height of 4 metres. Overall, the shorter intervals observed for the pneumatic gloves relative to the conventional gloves were due to an effect in delaying the time to peak force more than the time to zero glove velocity. Averaged across all drop heights, the SBLI glove extended the time to peak force by 75.3% compared to that for the Std 10 oz glove but extended the time to occurrence of zero glove velocity by only 23.2%.
Corresponding figures for the ARLI glove were 73.5% and 25.7%. Figure 20 shows the time between the end of force plate contact and the attainment of peak rebound glove velocity for the various glove types. For the Std 10 oz and Std 16 oz gloves, peak rebound velocity always occurred several milliseconds after cessation of glove contact with the force plate. For the ARLI glove there was much closer temporal correspondence between the two events. In the case of the SBLI glove at drop heights of 2 metres and above, peak rebound velocity was observed before the end of force plate contact. 
Relationship of Peak Glove Deceleration during Compressive Phase to Peak Impact Force
We sought to determine the extent to which the effects of the pneumatic gloves Figure 20 . Effect of glove type and drop height on the time interval between end of glove contact with force plate and occurrence of peak rebound velocity of the glove. Force measures were obtained at a sampling rate of 10,000 Hz. Velocity was measured using cameras operating at 500 frames per second, with second-order polynomial regression equations then fitted to the data and used to interpolate velocity data at 10,000 Hz. World Journal of Engineering and Technology in changing whole-glove deceleration (as derived from data provided by the Vicon Motion Capture System) during the compressive phase of impact was associated with their ability to reduce peak impact forces measured by the force plate. Figure 21 shows that for each glove type there was a strong linear relationship between peak negative acceleration during the compressive phase and the peak recorded impact force. R 2 values were 0.9568, 0.9740, 0.9646 and 0.9603 for the SBLI, ARLI, Std 10 oz and Std 16 oz gloves respectively. This accorded with expectations based on Newton's second law of motion. As shown in Table 13 , however, the slope of the relationship was significantly less steep for the ARLI glove than for any of the other gloves. By contrast, the slope for the SBLI glove Figure 21 . Effect of glove type on relationship of peak negative glove deceleration during compressive phase of glove impact with force plate to peak recorded impact force. was significantly or almost significantly greater than that for the other gloves, even though this glove had the lowest mass. No significant difference could be detected between the Std 10 oz and Std 16 oz gloves. The fact that the magnitude of change in peak impact force for a given change in peak glove deceleration varied between gloves suggests that any error stemming from use of independent methods to determine deceleration and peak force differed systematically as a function of glove type.
Nevertheless, when the data shown in Figure 21 were treated as a single data set with all observations for all glove types included, a second order polynomial regression equation yielded an R 2 value of 0.9661, indicating that more than 96% of the variance in peak impact force could be explained in terms of peak whole-glove deceleration during the compressive phase of impact.
In a previous publication reporting on data that did not incorporate glove velocity measures, we noted that force plate contact time was the best predictor of peak impact force for a conventional 10 oz glove while time from initial force plate contact to occurrence of peak force was the best predictor for an ARLI glove [4] . Figure 22 shows that in the current study, too, these variables were strong predictors of peak impact force for each individual glove type, with R 2 values always exceeding 0.96. When observations on all gloves were treated as a single data set, however, the R 2 value for a second order polynomial regression equation expressing the relationship of contact time to peak force was 0.4835, while that for the relationship between time to peak force and the magnitude of the peak force was 0.4997.
While these associations were statistically significant (P < 0.0001), they were considerably weaker than the abovementioned relationship between peak whole-glove deceleration during the compressive phase of impact and peak impact force. It is visually evident that glove type affected the relationship depicted in Figure 21 much less than it influenced that shown in Figure 22 .
Discussion
A major finding of this study was that, following impact with a target, the pneumatic World Journal of Engineering and Technology Figure 22 . Relationship of glove contact time with force plate (Panel A) and time from initial glove contact with force plate to occurrence of peak force (Panel B) to peak impact force for different glove types. Note that the highest peak impact force recorded was substantially lower for the ARLI glove.
gloves (SBLI and ARLI) decelerated to zero velocity more slowly than the conventional gloves (Std 10 oz and Std 16 oz). This was true at all drop heights. A similar trend was observed for peak glove deceleration, which in keeping with theoretical expectations [14] always occurred in the instant before attainment of zero velocity.
Whereas the kinematics of the two conventional gloves during the compressive phase of impact were generally alike, there were differences between the two pneumatic gloves as a function of drop height. The time to reach zero velocity tended to be longer for the SBLI glove than the ARLI glove at lower drop heights, with the reverse occurring at higher drop heights. For the ARLI glove, peak deceleration was significantly less than that for the SBLI glove at drop heights of 3 metres and above.
Transfer of momentum between two colliding objects causes one or both to undergo a positive or negative change in velocity [15] . The rate of the velocity change (i.e., the acceleration) influences the risk of damage to the objects. For example, it is known that severity of concussive injury resulting from head im-World Journal of Engineering and Technology pacts is directly related to the peak magnitude of linear and/or rotational acceleration of the head [16] [17] [18] . Interventions that reduce peak accelerations by extending velocity change over a longer period can reportedly reduce the severity of attendant damage [19] [20] . Consequently, the ability of our pneumatic gloves to exert that effect is evidently a positive feature, with the ARLI glove performing better than any of the others when pre-impact glove velocities were moderate to high.
Introduction of cushioning elements is often used as a means of limiting accelerations resulting from collisions [21] . The efficacy of these elements depends on both their thickness and their material properties [22] . For any given cushioning element, increasing thickness provides greater accelerative damping. For any given thickness, more compliant materials (i.e. materials capable of greater deformation in response to a standard applied force) yield better outcomes as long as the limits of their compliance are not exceeded such that they "bottom out". In practice, most cushioning elements undergo dynamic change in compliance during compression [14] , becoming progressively stiffer [23] . The final level of stiffness is another determinant of peak deceleration.
In their resting state, the pneumatic gloves had substantially thicker padding than the conventional gloves. Also, the contact surfaces of the pneumatic gloves were softer than those of the conventional gloves. These differences provided the pneumatic gloves with greater overall scope for compression, a characteristic demonstrated by our glove displacement data. The greater scope for compression probably explains the longer time to attainment of zero velocity, with the distribution of impact energy over this longer time accounting for the lower peak acceleration measurements.
The incorporation of an air release mechanism into the ARLI glove appears to have conferred it with material properties different from those of the SBLI glove, perhaps by reducing build-up of dynamic stiffness of the cushioning layer at higher levels of impact energy and enabling greater glove compression. While both pneumatic gloves showed reduced displacement as drop height increased beyond 2 metres, the reduction was less for the ARLI glove. This suggests a lesser effect of internal build-up of air pressure.
The duration of the rebound phase of impact was also significantly longer for the pneumatic gloves compared to the conventional gloves, with this difference observed at every drop height. For each glove type, the duration of the rebound phase was always less than the duration of the compressive phase, but the ratio of rebound duration to compression duration increased as drop height increased.
There are at least two possible explanations for the latter finding. Serial increases in impact energy may have damaged gloves in a way that progressively reduced both their resistance to compression and their subsequent resilience, thereby making compression relatively faster and rebound relatively slower. It is equally conceivable that the ratio of rebound duration to compression duration was an indicator of the proportion of impact energy retained during collision following World Journal of Engineering and Technology some conversion of energy to other sources such as heat, sound and padding deformation. Greater proportional energy retention during the compressive phase would result in greater proportional energy availability to drive the rebound phase, favouring relative prolongation of rebound. In this respect, it is notable that the ratio of rebound duration to compression duration was always lower for the ARLI glove than for any of the other gloves, except at a drop height of 5 metres,
where it became similar to that for the Std 10 oz and Std 16 oz gloves. By contrast, the ratio for the SBLI glove was lower than that for the Std 10 oz and Std 16 oz gloves at low drop heights, but at the 5-metre drop height the SBLI glove produced the highest ratio.
To further investigate the above possibilities, it is instructive to first look at the classical index of energy retention, which is the coefficient of restitution [8] [9] [10] [15] . This index has been variously calculated though use of kinematic, dynamic and energetic parameters and under many circumstances the three different approaches yield equivalent findings [11] . The kinematic coefficient of restitution of an object is defined as the ratio of its peak rebound velocity to its peak pre-impact velocity [8] [9] [10] , and we used this definition for the purpose of the current study. The ARLI glove was found to have the lowest coefficient of restitution at drop heights up to and including 3 metres. Beyond that point, its advantage over the Std 10 oz and Std 16 oz gloves was lost. The SBLI glove yielded the highest coefficients of restitution at all drop heights from 2 metres onwards.
It can be surmised that when impact energy levels were low to moderate, the ARLI glove was the most effective in enabling conversion of the energy to other forms, probably including heat generated through friction associated with egress and subsequent ingress of air through the air exchange aperture unique to that glove. It seems likely that the sealed nature of the bladder in the SBLI glove led to greater storage of potential energy in the form of air compression, and subsequent return to kinetic energy during rebound.
In a previous paper describing other aspects of the experiment reported here, we noted that the area under the force-time curve was surprisingly high for the SBLI glove given its comparatively low mass [1] . We made the same observation in a subsequent paper concerning a study in which SBLI, ARLI, Std 10 oz and Std 16 oz gloves were dropped from various heights on to a force plate covered by a thicker EVA mat [2] . The current finding that, overall, the SBLI glove had the highest coefficient of restitution offers an explanation for these earlier results.
An interesting finding of our research was that, for all gloves, the coefficient of restitution initially increased as a function of drop height before reaching a stable value. This contrasts with multiple reports showing that for solid objects involved in collisions there is a reduction in the coefficient as pre-impact velocity increases [8] [9] [10] [11] . There has been one report [11] showing that for objects with relatively low stress yield points, even a single collision can produce plastic deformation that permanently alters the material properties of the object and decreases its compliance, with this leading to a higher coefficient of restitu-World Journal of Engineering and Technology tion for subsequent standardised impacts. Further changes in the same direction occur with repeated impacts, before a plateau is finally reached. The fact that increasing drop height initially produced an increase in the coefficient of restitution of our gloves, rather than the expected decrease, suggests a high likelihood that the material properties of the gloves were progressively altered as impact energy increased. For the Std 10 oz and Std 16 oz gloves, the alteration may have reflected degradation of the foam padding, whereas for the SBLI and ARLI gloves it may have been due to rise of air pressure within the glove bladder. In the case of the ARLI glove, it is probable that at very high impact energy levels the ability of the air exchange mechanism to prevent build-up of high air pressure levels within the bladder was overwhelmed. In the future, this could perhaps be prevented by increasing the size of the air exchange aperture to reduce the resistance to air flow.
Alternatively, the existing aperture could be supplemented by addition of another much smaller one that presumably would be brought into play only when bladder air pressure became high enough to overcome its inherent flow resistance. This alternative may be preferable as a means of optimising the performance of the glove over the whole range of impact energy levels that it could encounter. Scope also exists to experiment with aperture shapes as a means for "tuning" ARLI gloves for performance in different situations.
If degradation of glove structural materials contributed to the observed change in the ratio of rebound duration to compression duration as a function of drop height, such that gloves tended to compress more quickly and rebound more slowly, it could be expected that the negative slopes of glove acceleration-time curves for the compressive and rebound phases would become progressively more dissimilar as drop heights increased. We found that, for each glove individually, the slopes were close to identical at drop heights up to and including 2.5 metres. This similarity indicated that the slopes were likely determined primarily by glove material properties, with the kinematics of the compression phase having a strong hysteretic influence on those of the rebound phase. For the ARLI glove, no significant difference between the compression and rebound slopes could be detected until a drop height of 4.5 metres, at which point the deceleration slope for the rebound phase became less than that for the compressive phase in line with the above hypothesis. For the other gloves, this trend became statistically detectable at a drop height of 3.5 metres, and eventual disparity between the compression and rebound slopes was greater. Overall, our observations were consistent with the notion that all gloves could have suffered some structural degradation at higher drop heights, with the degradation being least for the ARLI glove. It is salient that we recently reported a study in which ARLI and Std 10 oz gloves were each dropped ~250 times on to force plate from a height of 3 metres, and that while both gloves were associated with upward drift in peak force and loading rate over the drop series, these effects were much smaller for the ARLI glove.
We attempted to focus intensively on energy transfer occurring during the brief World Journal of Engineering and Technology period of transition from glove compression to glove rebound by developing an index that compared the absolute values of peak glove deceleration during compression and peak glove acceleration during rebound and expressed the difference as a proportion of the former value. Qualitatively, use of the index suggested conclusions quite similar to those derived from calculating the kinematic coefficient of restitution, in that the ARLI glove seemed to facilitate greater energy dissipation than the conventional gloves when the impact energy level was low to moderate but not when it was high, while the SBLI glove produced the least energy dissipation across most of the range of impact energy levels included in the experiment. This similarity is not surprising, since peak pre-impact glove velocity (the denominator in the calculation of the kinematic coefficient of restitution) influences the velocity of glove compression and therefore the peak deceleration, while peak glove acceleration at the beginning of rebound and peak rebound velocity (the numerator in the calculation of the kinematic coefficient of restitution) are closely related parameters. Nevertheless, increasing drop height produced different patterns of change in the index based on the peak acceleration and deceleration readings compared to those observed for the coefficient of restitution. For the pneumatic gloves, the acceleration index showed hyperbolic progression as a function of drop height, systematically decreasing before increasing, while for the conventional gloves there was a much more linear progression. In the case of the kinematic coefficient of restitution, all gloves showed an initial rise as a function of drop height, followed by stabilisation.
The slightly different findings for the two indices are likely due to two factors.
Firstly, calculation of the kinematic coefficient of restitution entails use of one variable (peak pre-impact velocity) that is essentially a direct measure of the kinetic energy applied to the system and one (peak rebound velocity) that is an outcome of remaining kinetic energy after the collision. For the index based on peak acceleration and deceleration values, both variables used in the calculation are outcomes of the application of kinetic energy. Secondly, the coefficient of restitution is determined over the whole period of the collision from initial contact to attainment of peak rebound velocity, whereas the peak acceleration/deceleration index focused more narrowly on the period of transition from compression to rebound.
If the index based on the peak acceleration and deceleration is accepted as va- been reported that objects compressed through repeated collisions have reduced capacity for energy dissipation, causing increase in the coefficient of restitution [11] .
Based on the above, it can be inferred that the pneumatic gloves underwent little or no unrecovered deformation at drop heights up to and including 4 metres, while the conventional gloves were subject to some persistent deformation even at the lowest drop heights. Lee and McGill [25] found that when a mechanised device was used to deliver 10,000 standardised impacts from a conventional 16 oz glove to a force transducer, the peak impact force showed upward drift of ~40% over the series, even though the impact velocity was low. Most of the drift occurred during the first 2000 impacts and was speculatively attributed to deformation of glove padding materials, with resultant increase in the stiffness of the padding reducing its capacity for energy dissipation upon impact.
The use of air compression rather than fabric compression as the primary impact buffering mechanism of the pneumatic gloves may have made them more resistant to unrecovered deformation. Our data suggest that at drop heights of 4.5 and 5 metres, some unrecovered deformation may have occurred. It is conceivable that in the ARLI glove, the foam used to form the bladder "skeleton" became somewhat compressed. It is notable, however, that the rise in the peak acceleration/deceleration index from the 4-metre to 5-metre drop heights was greater for the SBLI glove, which had no bladder skeleton, than for the ARLI glove. Compression of a foam layer that formed an interface between the mechanical fist and the bladder therefore seems a more likely reason for the increase in the index, since that layer was common to both pneumatic gloves. A possibility also exists that there was no material degradation in the pneumatic gloves and that increased stiffness at higher drop heights was related simply to exponential increase in bladder air pressure. Further research will be needed to investigate the alternative explanations.
Another intriguing finding of our research was the difference between glove types in terms of the temporal relationship between velocity curves and force curves. We had a priori expectations that, for each glove type, attainment of zero glove velocity at the end of impact-induced compression would coincide with measured peak impact force, and that peak rebound velocity would occur very soon after the end of glove contact with the force plate. Our inability to confirm these expectations was not attributable to lack of synchrony between our force and velocity measurements, since the two data streams were simultaneously collected by the same software package to ensure temporal matching. Nor were the apparent anomalies due to our use of regression models to calculate the time of zero glove velocity, since mean calculated times were very close to the mean times at minimum observed glove velocity, with the latter likely to provide a good indication of time to zero velocity because of random distribution of observed values around the true zero point.
For the pneumatic gloves, our expectation of close temporal alignment be-World Journal of Engineering and Technology tween attainment of zero glove velocity at the end of compression and occurrence of peak impact force was close to being met, at least at drop heights of 2.5 metres and above. For the conventional gloves, however, peak impact force substantially preceded zero glove velocity at every drop height. On first consideration, it is difficult to understand how this could be the case, as it seems inconsistent with Newton's second law of motion, which indicates that the force acting on an object is the product of its mass and its acceleration. Integration of our velocity data produced curves indicating that peak negative acceleration during glove compression occurred at almost the same instant as zero glove velocity, a result in keeping with theoretical paradigms [14] . With glove mass remaining constant, and force exerted by the glove on the force plate therefore entirely dependent on its acceleration, it can be deduced that peak glove force must always have very close temporal proximity to the zero-velocity point.
We can only speculate on a possible explanation for our finding for the conventional gloves. We measured glove velocity during compression by using a Vicon Motion Capture System to determine the rate at which the vertical distance between markers placed at different points on the glove surface decreased following impact. The measurement was therefore indicative of whole glove velocity, but each glove consisted of a series of linked components, and it is conceivable that some of these followed different velocity curves. Based on existing scientific literature, it is reasonable to surmise that the polyurethane foam padding of the conventional gloves may have been highly anisotropic [26] [27] . Directional variation in the properties of the padding could predispose it to some lateral expansion after the centre of mass of the glove has reached zero vertical velocity. This lateral expansion would cause continued decrease in the vertical distance between markers on the glove surface. It can be envisaged that peak impact force might coincide with zero velocity of the glove centre of mass, while zero velocity of the whole glove as determined by the Vicon Motion Capture system might coincide with subsequent completion of lateral expansion of the padding. Given that the padding of the pneumatic gloves consisted primarily of an air-containing bladder, it could be expected to exhibit a more isotropic characteristic, resulting in closer temporal correspondence between compression and lateral expansion.
Our data also revealed significant differences between gloves in terms of temporal alignment between the end of force plate contact (as indicated by measurements obtained from the force plate) and the attainment of peak glove re- Notwithstanding interpretive issues raised by apparent temporal misalignments of key kinematic and kinetic variables, our finding of a very high correlation between peak glove deceleration during compression and peak impact force is simply consistent with Newton's second law of motion. Variance in peak glove deceleration calculated from Vicon data was able to account for more than 95% of the variance in peak impact force measured by the force plate, with this being true not just for each glove individually, but even for all gloves collectively. In the latter respect, the calculated peak glove deceleration was much more strongly related to peak impact force than was the case for either the total duration of force plate contact or the time from initial force plate contact to occurrence of peak force. The slope of a linear regression curve obtained when data from all gloves were included in a single analysis indicated that for every reduction of 1% in peak deceleration there was a decrease of 1.046% (95% confidence interval 1.001 to 1.091) in peak force, a result obviously very close to unity and consistent with the theoretical expectation of a directly causal relationship.
It is noteworthy that small but statistically significant differences between gloves regarding the relationship between calculated whole-glove deceleration during compression and peak impact force were not explicable in terms of the classical Newtonian principle that force is the product of mass and acceleration.
Indeed, for any given level of peak negative acceleration the SBLI glove tended to produce the highest peak forces, despite having the lowest mass. Also, the ARLI glove tended to produce the lowest values, despite having greater mass than ei-ther the SBLI or Std 10 oz gloves. Since coefficients of restitution were highest for the SBLI glove and lowest for the ARLI glove, it may be that our measures of peak glove deceleration were affected in some way by the amount of energy converted to other forms during the impact. It is possible that differences between gloves in impact biomechanics affected relative rates of displacement of markers positioned on the glove surfaces and monitored by the Vicon Motion Capture System. Even so, it is evident that the method we employed for determining peak glove deceleration is sufficiently accurate to make it suitable for future assessment of the impact-buffering capacity of pneumatic gloves in field situations where direct measurement of impact forces may be impractical.
It is obviously important to understand the mechanisms by which pneumatic gloves such as those used in the present study can reduce peak deceleration during compression (and therefore peak impact force). Vital mechanisms seem to include greater absolute scope for compression (due to increased padding thickness and lower initial stiffness of the padding) and capacity for air exchange with the external environment as a means for impact energy dissipation. Our ARLI glove is clearly superior to the SBLI glove in terms of integrating these mechanisms.
In a previous publication [28] , we summarised contemporary arguments for and against boxing. The principal objections to the sport include the attendant risk of serious acute and/or cumulative injury. There have been suggestions that development of boxing gloves capable of substantially reducing peak impact forces could be a means of decreasing the risk [29] . The findings reported in this paper and elsewhere demonstrate that development of impact-buffering gloves is achievable, with our ARLI glove providing strong proof of concept.
It has been pointed out the relationship between percentage reduction in variables such as acceleration and the percentage reduction in injury risk is sigmoid rather than linear [22] . The implication is that decreasing the acceleration/deceleration associated with an impact by a specific percentage may not necessarily decrease injury risk by that same percentage. In situations where the probability of injury is either very high or very low, even a reduction of 30% in the acceleration parameter may have little effect on injury incidence or severity. On the other hand, the sigmoid curve shape means that there are some circumstances in which a 30% reduction in acceleration could diminish the injury risk by more than that amount.
The present study shows that the ARLI glove attenuates peak glove deceleration during the compressive phase of impact, and associated peak impact forces, by ~20% -35% across the whole range of pre-impact glove velocities extending from ~4.4 m•sec −1 (at a drop height of 1 metre) to ~10 m•sec −1 (at a drop height of 5 metres). The latter is close to the maximum glove velocity that can be generated by elite boxers [5] [6] [7] , but a study that involved measurement of impact forces during professional boxing matches suggests a high likelihood that the great majority of impacts entail much lower velocities [30] . We do not yet know whether use of ARLI gloves would decrease incidence and/or severity of World Journal of Engineering and Technology boxing injuries caused by very high velocity impacts, but there is reason to believe that at the very least they could substantially reduce injury risks resulting from impacts of moderate velocity. This is potentially important given that such impacts may contribute substantially to cumulative, chronic injuries. It has been reported, for example, that long-term exposure to repeated sub-concussive impacts may cause brain injury and reduced cognitive function in American footballers [31] .
Our development of pneumatic boxing gloves is taking place in the context of efforts to support a modified form of boxing in which impacts to the head and neck, and any high-velocity impacts, are prohibited. Feedback from modified boxing participants who have used the ARLI gloves has been very positive [32] and indicative of a perception that the gloves are effective in reducing impact forces. The gloves could undoubtedly be improved through further iteration guided by insights such as those gained through the research described in this paper. We hope that publication of the paper will encourage others to take up the ongoing design and development challenge, whether in collaboration with us or independently.
Conclusion
It is possible to develop boxing gloves that are no larger than conventional gloves but decelerate more slowly following contact with a target and mitigate both peak impact forces and loading rates. Such gloves have potential to reduce the incidence and severity of boxing injuries, although their impact buffering capabilities may not be enough to prevent injury when impact velocities are very high. Progress is being made in understanding the glove design elements that are critical to the protective effect. The use of air as a cushioning material shows great promise provided it is implemented in combination with a mechanism allowing some air release upon impact and subsequent air reuptake. Optimisation of the air exchange mechanism will be a critical task and customised solutions may be required to cater for use of the gloves in various situations. Producing pneumatic gloves in a form that more closely resembles conventional gloves could well increase their uptake but any reduction in the thickness of the air cushion- 
Dedication
This paper is dedicated to the memory of Mr Jalaj Anand, who was enthusiastic about the potential of the pneumatic boxing gloves and, subsequent to the research reported here, oversaw manufacture of several batches of the gloves through his family company, Paramount Enterprises, in Dehradun, northern India. He was in the prime of his life when he was lost to a tragic accident, and is greatly missed by all who knew him.
